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(2+ T?r2x?- x2-x+ l-~x#r2+&2r2 ,

I?r2 2 4 4
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Sinh (20)

J



TECHUBRARYKAFB,NM

NATIONAL ADVISORY CWMITTEE
Illlllll!ll[llllflllllllllll

FOR AERONAUTICS lJllbLtlL?

THEORETICAL INVESTIGATION AT SUBSONIC SPEEDS

OF THE FLOW AHEAD OF A SLENDER INCLINED PARABOLIC-ARC

BODY OF REVOLUTION AND CORRELATION WITH EXPERIMENTAL

DATA OBTAIXED AT LOW SPEEDS

By Wi12ism Letko and Edward

SIIMMARY

Subsonic linearized theory is used

C. B. Ikmforth, III

to derive approximate eqressions
for the incremental pressure coefficient and flow inclination shead of
slender parabolic-arc bodies of revolution alined with the stream and atb
small angles of attack or sideslip.

N Numerical results are presented in the form of charts which permit
the rapid estimation of the deviations from free-stresm values of static
pressure, angle of attack, and angle of sideslip so that suitable posi-
tions for orifices and vanes for measuring these quantities can readily
be selected. Ccqmrisons between calculated values and those measured
at a Mach nmnber of 0.21 for a body of fineness ratio 6 show that for
distances greater than 1/2 body dismeter in front of the body nose and
for s.nglesof attack less than 20° the approximate theory used herein is
adequate for predicting the best location for static-pressure snd angle-
measuring pickups.

The effect of wing lift and mounting-beam interference on the angle-
of-attack indication as determined from a shple theory is also presented.
The calculations show that the angle-of-attack deviation introduced by the
wing may be large for some configurations and should be considered in
determining a suitable location for an single-measuringpickup.

INTRODUCTION

In the instrwnentation of airplanes, particularly for research pur-.8
poses, it is often desirable to measure static pressure and angles of
attack -d sideslip by locating static orifices and freely floating vanes

* ahead of the nose of the body. The values of the static pressure and the
angles of attack and sideslip which are measured are rarely the free-stresm
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values since the flow ahead of the body deviates from the free-stream
static pressure and direction. The accepted practice is to locate the
orifices and the vanes at a sufficient distance from the body nose so

●

that the deviations encountered will be small. The installation is then
calibrated in flight to determine the magnitude of the residual errors
and their variation with Mach number.

It is the purpose of this paper to,detemine the flow deviations
ahead of a body in order that the increments due to the body in static
pressure and in angles of attack and sideslip can be estimated for ori-
fices and vanes located anywhere in the flow field ahead of the body.
Subsonic linearized theory has been utilized to calculate the flow ahead
of a simple sharp-nosed body of revolution of arbitrary fineness ratio.

—

The meritian lines of the body have been chosen as parabolic arcs for
ease of calculation.

In order to show in what ranges of location and amgle of attack the
theory is valid, experimental measurements of static pressure and flow
angularity were made at aldachnunber of 0.21 ahead of a parabolic-arc
body of fineness ratio 6 and are presented herein.

SYMBOLS

A wing aspect ratio

a radius of body nose boom

B=V1-M2

CL lift-curve slope
a

F fineness ratio of body, 2
Maximum diameter

1 length of body

M free-stream Mach number

P static pressure

P. free-stream static pressure

q free-stresm dynamic pressure



NACA TN 3205 3

.

4P
. T

P- Po
pressure coefficient, —

~

incremental.pressure coefficient due to body

incremental pressure coefficient due to body

thickness

angle of attack

radisl coordinate

wing Semispall

of body surface

cross-sectional area of body

axial, radial, and tangential velocity components

axial disturbance velocity due to body thickness

axial disturbance velocity due to body @e of attack

free-stream velocity

horizontal disturbance velocity due to body angle of
attack (see fig. l(a))

vertical disturbance velocity due to body engle of attack
(see fig. l(a))

radial disturbance velocity due to body thickness

radial disturbance velocity due to body angle of attack

tsmgential disturbance velocity due to body singleof attack

wing induced upwash velocity

cylindrical coordinate system

axial coordinax in Cartesian coordhate system

angle of attack

angle of attack indicatedby vane

increment in angle of attack
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B angle of sideslip

43 increment in angle

r circulation

of sideslip

E variable of integration along axis of body

P mass density of air

@ disturbance velocity potential

!% disturbance velocity potential due to body thickness

42 disturbance velocity potential due to body angle of attack

APPLICATION OF TB130RY

Basic Theorj

The linearized equation
eral cylinitricalcoordinates
velocity potential_as

governing s~sonic potential flow in gen-
may be written in temns of the disturbance

It is weU.-known that the general solution of ecpation
the flow about slender bodies of revolution at a small
with respect to the stresm may be written as

(1)

(1) representing
angle of attack

(2)

where @l and @2 are the disturbance velocity potentials that repre-

sent the thickness and angle-of-attack effects, respectively. The solu-
tion @l representing the thickness effect is given in reference 1 as

(3)

“

.
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In equation (3) the function S’(g)
terms of the axial rate of change of
sectional area is given by S = tirB2

over the length of the body.

?

defines the source distribution in
cross-sectional area. The cross-
and the integration is to be made

The disturbance velocity potential @2 represents the part of the

flow disturbance resulting from the angle of attack and is given in ref-
erence 2 by

$2.-Br~
“J

i3(g)

ix - ~)2 + B%? 3/2

where cos u in reference 2 is replacedby -COS 0.
notation has been made to maintain a consistent sign
slender bodies, the function g(~), representing the
strength distribution, Is shown in reference 2 to be

(4)

(This change in
convention.) For
reqtied doublet

[ 1‘B(g)
dE) =2v~~(E) J-- B2 &lOg ~ (5)

where r (f), S(g), end S“(E) are functional relationships analagous
to S’(g7 discussed previously.

Specific Application to Psrabolic-~c BoUes of Revolution

In this paper the theory has been used to calculate the flow ahead
of the simple parabolic-arc body of revolution shown in figure 2. The
meridian lines of the body have been chosen as parabolic arcs for ease
of calculation. The cross-sectional area of the body is given by

s(x) =$(’-+

where F is the fineness ratio of the body smd the nose and tail of the
body have been chosen for convenience at x = -1 and 1, respectively,
that is z = 2. (For bties of arbitrary length, x is to be measured
in half body lengths.) For convenience of presentation, the thickness
and angle-of-attack effects on the flow ahead of the body are discussed
separately.
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Effects of thickness.- For
equation (3) becmes

NJICATN 3205

the parabolic-arc body of revolution,

(6)

The axial and radial components
by

of the disturbance velocities are given

and

~1 - .% VB2r 1
J

g3:~

& ‘— F2
[-1 (x 1-~j2 + ~2r2 3/2

(7)

(8) .

respectively.

Pressure coefficient: The pressure coefficient at a general point
in the flow field ahead of the body maybe adequately approbated by

the e~ression
()
49 .3.
~1

(The additional terms usually appeari~

in the correct linearized approximation for the pressure maybe neglected
in the present analysis without incurring X-significant error.) Upon
integration of equation (7), the pressure coefficientmay be written as
follows:

x-l)2+B2r2+ (l-3x) x + 1)2 + B2r2 +
-

(9)
.

TJ
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Along the extended axis of the body, shead of the body nose (r=O, x+1),
equation (9) reduces to

(lo)

In equations (9) and (10) it is to be noted that x snd r are
nondimensional distances e~ressed as fractions of the half body length.
Furthermore, x is measured from the midlength position of the body and
is negative in the upstresm direction. The static-pressure coefficient
due to body thickness calculated from equation (9) is presented in
figure 3.

Flow inclination: The
of the body, caused by body
eqution (8) as

r

flow inclination, with respect to the axis
thickness can be obtained by integrating

( 2x+x- &r2) ix - 1)2 + B%2
Br

7

+ 3xBr~inh-1(~) -

(11)

values of ~ c- be obtained from figure 4 which was prepsred by use

of equation (n).

Effects of sngl.eof attack.- The sxial, radial, end tangential
velocity components caused by angle of attack are given by

+32V2=T

}

(12)

J
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fiessure coefficient: That part of the pressure coefficient caused
by the inclination of the body may be adeqwtely approximated in the

present analysis by
()
& .%

(
see previous discussion for

())

Al
~z=v ~1”

Using this relationship and equati&s (4), (5}, and (12) and perfo&ing
the indicated operations gives the following equation for the pressure
coefficient due to body angle of attack:

.

.

Because the integral which forms the second part of equation (13) is
rather involved, it was solved graphically to determine the importance of
its contribution to the complete pressure coefficient. The solution was
obtained for a body of fineness ratio 6 and B = 0.98 (that is,
M = 0.21) and indicates (see fig. 5) that the use of only the first term
of equation (13), approximate solution, would give values of

()
4
~z which,

for reasonable distances from the body, would not differ appreciably from
those obtained by use of the complete equatiog. Although the graphical
solution was obtained only for a body of fineness ratio 6 and for a Mach
number of 0.21, examination of equation (13) indicates that neglecting the
second term of equation (13) would affect the estimates even less for
bodies with higher fineness ratios or for flow at larger Mach numbers.

Integration of the first term of equation (13) yielded the following
fomula for the pressure coefficient:

r

.

r

(14)
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Values of
()
4
T~

ahead of the body can be estimated from figure 4 for
.

values of h from o.@ to 0.4.

Flow incMnation: The disturbance velocity due to body angle of

9

attack that affects angle-of-attackmeasurements
fig. l(a))

‘v =w2sine-v2cosf3

and the disturbance velocity due to body angle of
angle-of-sideslipmeasurements vE is given by

‘E .w2cose+v2sine

Vv is given by (see

(15)

attack that affects the

(16)

. For parabolic-arc bodies of revolution, the following solutions
for V2 and W2 are obtained by using equations (4), (5), and (I-2)and

.

1’
log + q

(17)

and

(18)
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It was found that neglecting the second terms of equations (17) and (18)
would not result in sm appreciable difference in the estimated values
of VP and W2 for practical distances ahead of the body (see figs. 6

and 7). The second terms of these equations were therefore neglected.

Integrating the first terms of equations (17) and (18) results in
P

(19)
L

r
1

VB2asin 0

i.

~(x - 1)2 + B2r2

$ B2r2

J

J

(.3 +.2-X-1
)

13m2r2- & --—
2 4

. —

~x+l)2+B2# x3-x,-x+1
.2W2 ( 2
DA

+&-#

(20)

Values of v, and w, can be determined from figures 8 and 9 which

were prepared by using equations (19) and (20). On the extended axis of
the body, ahead of the body nosej eq~tions (19) and (~) reduce ~

and

w2u-

,2 [-’+”=+)-qvd2sin e (3X2

(a)

(22)

.

?
.—

—
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Upon substitution of eqyations (21) aml (22) into equations (la)

. and (16), the vertical and horizontal disturbance velocities on the body
sxis due to the singleof attack of the body may be expressed as

-

VH=O
I(23)

J
The vertical disturbance velocity on the body axis due to body angle of
attack can be obtained from figure 10 which was prepared by use of
equation (23).

In estimati~
. m angle-measuring

Some Additional Considerations

the errors in flow angularity that would result with
pickup located ahead of a body nose, consideration

should be given n;t–only-to the effects of the f~elage but also to the
effects of the supporting boom on which the pickup will be mounted and

. to the effects of the airplane wing.

Effects of supporting boom.- In acme instances sngle-measuring vanes
are attached to fuselage nose booms as indicated in figure 11. In such
cases, if the boom is at an angle of attack, the ccmponent of stream veloc-
ity normal to the axis of the boom will cause additional errors in the
measured values of angle of attack and sideslip. For small angles of
attack, the velocity components in planes normsl to the axis of the boom
are so small that ticmqmessible-flow theory may be used. ~ the bom iS
regarded as a circular cylinder of infinite length at an angle of attack,

()
the radisl velocity component at any point is -V 1 - ~

9
cos Elsin u

[)
and the tangential velocity component is V 1 + ~ sin e sin m (see

r2
ref. 3). The sum of these components in the direction of V sin cc is

.

.

~-$)c0s2~~si..

The disturbance velocity Vv is

‘V=~-$ca2jVsina-Vslna (24)
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and therefore for small angles of attack

The quantities

‘v &
—=

v
-— COB 2e

= (r~)2

similarly,

NACATN 3205

.

(25)

(26)

()_&tr2$qE== 1(27)

()
++=.gg2

J

are plotted as a function of 6 in figuxe =. The effect of the sup-
porting bom in the case of sideslip can be calculated by considering
the angle of sideslip to be an angle of atti-ckand rotating the origin
of e accordingly. If the vane is located at a position other than
e = 0°, 90°, or 180°, the disturbance velocities wilJ.be such that the
angle-of-attack indication is affected by sideslip and vice versa.

Effects of wing.- As an approximate weans for estimating the effect
of the wing on the flow inclination, the simple horseshoe vortex system
of figure 13 may be used. The bound vdrtex may be considered to lie on
the quarter-chord line of the wing. lh reference 4 expressions are given
for the contributions to the induced velocity components, in subsonic
flow, due to the bound vortex and due to each trailing vortex of such a
horseshoe vortex system. If the angle-of-attack vane is considered to
lie on the X’-axis, that is, in the chord plane extended and in the plane
of symmetry as indicated in figure 13, the effect of the horseshoe vortex
system is to induce sn upflow velocity at the vane which can be expressed
by the relation

(28)

1- -1
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which is the sum of the upflow components of velocity induced by each
se~ent of the horseshoe vortex.

The circulation I’ is related to the l~t of the wing by

and, by using the Hfting-line value for the lift-curve slope

( ‘)%=m’
the circulation may be expressed as

r ‘2*SVBL 2

Equation (28) may then be mitten as

The
the

(29)

error in the inclination of an
induced upfhw of the wing may

angle-of-attack vane resulting from
be written as

Ax

[

11
—’-BA+2a

L 1

I/-1+
x ‘/Bs

(30)

which has been plotted in figure 14. Note that the coordinate x’
appearing in this relation is the distance frm the quarter-chord line.
As an example, suppose that an angle-of-attack vane is located 1 semi-
span ahead of the quarter-chord line of a wing of aspect ratio 6 and it
is required to find the error in angle of attack introduced by the wing
at a Mach number of 0.6. Fran figure 14 at a value of xt/Bs of -1.25,

there is found a value of $ (BA +2) eqtito 0.28. Hence, under

these conditions ~ = 0.041. At 1 semispan ahead of the center of the

quarter-chord line, which is rather near the wing for most nose-bocm
installations, the error in angle of attack introduced by the wing is
about 4 percent of the true value.



14

EXPERIMENT

mm m 320cj

Some experimental data were obtained from tests made in the 6- by
6-foot test section of the Langley stability tunnel. The body tested
was a parabolic-arc body of revolution such as those for which the
formulas were derived. The body was 42 inches long and had a maximum
diameter of 7 inches (fineness ratio of 6). A 3/8-inch-diametercombi-
nation pitot-static and angle-head tube was used for the measurements
of static pressure, tota3 pressure, and flow angularity.

Measurements were made for different angles of attack along the
body axis and along lines parallel to the axis located at various dis-
tances above, below, and to one side of the body axis. Tests were made
both with and without the body for identical location of the pitot-
static tube and were carried out at an @act pressure of approximately
65 pounds pe% square foot which correspondedto a Mach number of
about 0.21.

In reducing the data, the effects of local singularityon the static-
pressure measurements as well as the effects of displacement of the
static-pressureorifices relative to the total-pressuxe orifice were
taken into account.

The experimental data are presented in figures 15 to 24 together
with the appropriate theoretical calculations ~or purposes of comparison.”

DISCUSSION AND COMPARISON OF THEORY WITH EXPERIMENT

Effects of Thickness

Pressure coefficient.-The incrementds tatic-pressure coefficient
to be expected ahead of the body nose at zero angle of attack may be
estimated from figure 3.

The static pressure is seen to be a maximum at points on the body
axis and to decrease with distance away frmi the axis. As smatter of
interest, equation (10) shows that the static pressure on the axis is
independent of Mach number.

As an example of the use of figure 3, suppose that the location of
the static orifices on the axis is taken at 1 maximum fuselage d3ameter
ahead of the nose of a fuselage with a fineness ratio of 6. The value
of x at 1 diameter ahead of this fuselage nose is equal to -1.33. At

this value of x, the value of
()

~2 Al
ql

is found to be 0.88 so that

()&~1 is about 0.024. In order to obtain &n incremental pressure
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coefficient of less than 0.01 for this fuselage, it is necessary to
locate orifices at a value of x more negative than -1.64 or at a dls-

●

tance greater than 1.92 maximum dismeters ahead of the fuselage nose.

In figure 15 is shown a comparison of the calculated andrueasured

values of
()
& for the parabolic-arc body of fineness ratio 6 at a
Lt,.

Mach number of 0.21. In general, the agreement shown in figure 15 is
goed, slthough the theory appears to overesttite s~ghtly the value

Flow incMnation.- ~ inclination of the flow, with respect to the
direction of the stresm, to be expected ahead of a fuselage due to body

thickness may be estimated from figure 4. The quantity %$ iS shown

plotted against x for several values of Br. If v~V is multiplied

by cos 6, there results the correction to be added to the indication of
an angle-of-attack vme located at the point (x,r,tl) (see fig. 1). The*
correction to be made to the indications of an angle-of-sides~p vane can
be obtained frcm figure 4 by multiplying vl~v by s~ e with pro~r

. regsrd to sign. For vanes located on the axis of the body, no correction
is necessary at zero angle of attack and sideslip.

The calculated and measured changes in flow inclination due to body
thickness are shown to be in good agreement in figure 16.

Effects of Angle of Attack

Pressure coefficient.- The theoretical incremental static-pressure

()
4coefficient due to angle of attack —
~z

may be obtained fran figure 4.

This is the pressure coefficient obtainedby using equation (14} (see
section entitled “Application of Theory”). The static-presswe-coefficient
increment ahead of the fuselage nose at @es of attack is, of course,

(%)1 + (3;

The calculations show that at points ahead of the body on the extended
axis of the body the static-pressure increment does not vary with angle of

. attack but remains always at the value for zero angle of attack. (See
fig. 17.) The measured points in figure 17 are from three test runs: a
positive angle of attack, a negative angle of attack, snd a positive angle
of sideslip. (For Br = O the results should, of course, be identical.)
The scatter, especially that at higher angles, may be attributed to
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unsteady flow,
large pressure

—

NAcATN 3205
.

a possible shift of stagnation point, and to a fairly
gradient near the body nose. Although the fact that the #

theory is strictly valid only for small angles of attack is fully real-
ized, comparisons between theory and experiment at angles of attack as
high as X“ are presented in figures 17 to 20. These comparisons show
that close to the body nose the theory adequately predicts the pressure
increment at low angles of attack but not at the higher angles. As the
distance from the nose increases, the agreement between theory and
experiment tiproves for all angles of attack.

The effect of angle of sideslip on the pressure coefficient can be
obtained from figure 4 by considering the angle of sideslip to be an
angle of attack with proper regard to sign. In the case of a combined
angle of attack and si.deslip,two methods of obtaining pressures are

possible which lead to identical results. The values of
()
4
~a

due to

separate angles of attack and of sideslip cau be computed and added alge-
braically or the resultant angle may be computed and the corresponding

value of
()
AA may be found.
qa

Flow inclination.- For vanes located on the axis ahead of the body,

the flow inclination due to angle of attack ‘v
~ - Aa msy be found from

v-v+figure 10 in which the quantjty ——
v%

at Br = O is shown plotted

v~ ~2
against x. — — can be expressed for small anglesThe qmtity v E2a

as F2AZ— — where Au is to be considered as the increment in angle of~2 a

attack indicated by a vane. If ~ is the angle of attack indicatedby

a vane, the correct angle of attack is given by the relation

‘%a=—
l+%

For vanes located off the axis, the incremental amgle of attack may
be calculated frm eqmtion (15) which shows that for small angles

*

.
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The increment in angle of sideslip is shown by equation (16} to be
●

The values of v V aud w V which appear in these eqgations may be2/ d
estimated from figures 8 and 9, respectively.

As an exsmple, suppose that an angle-of-attack vane is located on
the axis at 1 maximum dismeter ahead of the nose of a fuselage of fine-
ness ratio 6 and it is required to find the increment in the indication
of the vane at a Mach number of 0.6. At a value of x = -1.33, figure 10
shows that

● Then

. ALL 1 Vv
—=. —= 0.44 ~= 0.0078
a av $

The increment in angle of attack is, then, less than 1 percent of the
true value.

A comparison of the calculated and measured change in flow inclina-
tion on the axis due to inclination of the test body is shown in fig-
ure 21.. The measured results in the figure show a considerable scatter
especially at high singles. The measured points are frcm three test runs:
a positive singleof attack, a negative @e of attack, and a positive
angle of sideslip. (For Br = 0, the results should, of course, be
identical.) The scatter in experimental results at the bigher angles may
be attributed in part to unsteady flow about the body at these high
angles of attack, to a possible shift in stagnation point, and to a
fairly large gradient of airstream angularity near the body nose. In
genersl, the measured results show a somewhat greater induced angle on
the axis than that predicted by the calculations.

For positions off the axis, the sngles inducedby the body are shown
(figs. 22 to 24) to be fairly small and to be estimated fairly we~ by

. the calculations. The maximum differences between measured and calcu-
lated values occur close to the nose of the body and at higher angles of
attack. At distances greater than 1/2 dismeter ahead of a body of fine-.
ness ratio 6 snd at angles less than 20°, the simplified calculations
used herein adequately predict the local singularitydue to the presence
of the body.
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CONCLUDING REMARKS

.

Subsonic linearized theory has been used to derive approximate
expressions for the incremental pressure,coefficient and flow inclina-
tion ahead of slender parabolic-arc bodies=f revolution. Charts have
been presented from which deviations from free-stream values in the
indicated values of static pressure, angle of attack, and angle of side-
slip can be estimated for any position so that suitable positions for
locating-static-pressureorifices and an@e-s-of-attackand angle-of-
sideslip vanes can readily be selected. Comparisons between calculated
values and those measured at a Mach number Of 0.21 for a body of fine-
ness ratio 6 show that for distances greater than 1/2 body dismeter in
front of the body nose and for angles of attack less than 20° the approxi-
mate theory used herein is adequate for ~redicting the best location for
static-pressure and angle-measuringpickup~;

Calculations indicate that the angle-of-attack deviation introduced
by the wing may be large for some configurations and should be consid-
ered in determining a suitable location for an angle-measuringpickup.

●

Langley Aeronautical Laboratory, .
National Advisory Committee for Aeronautics,

Langley Field, Vs., April x, 1954.
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Figure 4.- Flow inclination at zero angle of attack and incremental pressure
coefficient ahead of parabolic-src body of revolution due to angle of
attack. Equations (n) and (14).



22 —

CompWe
—-. —-— Apptoz!mde

mcA m 3205
.

./

o

.2

.2

./

o
-/0 -108 . -//6 -424 AZ -L40 -148

A,half bdy lengths

m

.

Figure 9.- Comparison of the incremental pressure coefficient due to body
angle of attack determined by an approximate solution of equation (13)
with that determined by the complete solution of the equation. F = 6;
M = 0.21.
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